Apoptosis (programmed cell death) can be difficult to detect in routine histological sections. Since extensive DNA fragmentation is an important characteristic of this process, visualization of DNA breaks could greatly facilitate the identification of apoptotic cells. We describe a new staining method for formalin-fmed, paraffii-embedded tissue sections that involves an in situ end-labeling (ISEL) procedure.
Introduction
Apoptosis (programmed cell death) represents a critical control mechanism in morphogenesis and in normal cell turnover of adult tissues. Morphologically, this process is characterized by cell shrinkage, loss of cellsell contacts, and aggregation of the chromatin into dense, often crescent-shaped masses under the nuclear membrane. Cells rapidly fragment into membrane-bounded apoptotic bodies that contain intact organelles and condensed chromatin. They are phagocytosed by macrophages and neighboring cells or are shed into the lumen (12.33). Associated with the nuclear condensation, the biochemical hallmark of apoptosis is extensive cleavage of the cell's DNA into oligonucleosome-sized fragments by a DNA degradation also occu~s. Because apoptosis is relatively easily recognized in H&E-stained sections of involuting prostates of castrated rats, we used this model system to validate the ISEL method for the quantifcauon of apoptotic cells. A high correlation was found between the fractions of ISELlabeled cells and the fractions of apoptotic cells that were morphologically determined in adjacent sections. We conclude that ISEL is a useful technique for quantification of apoptosis in paraffin sections, especially for those tissues in which morphological determination is difficult. Furthermore, this new staining method enables the use of automated image cytometry for evaluating apoptosis. Ca++-dependent endonuclease, resulting in typical ladder patterns after DNA gel electrophoresis (1, 32) .
The morphological features of apoptosis are ultrastructurally easily recognized, but such recognition is difficult with light microscopy (33). A complicating factor is the low frequency in which apoptotic cells are usually observed, owing to the short duration of the morphological changes. To facilitate their identification and quantification in paraffin sections, we employed a staining method that was recently developed for flow cytometric measurement of apoptosis in single-cell suspensions (18; and Jonker et al., manuscript in preparation) . This method involves in situ end-labeling (ISEL) of DNA strand breaks by the incorporation of biotinylated nucleotides with polymerase. It enables recognition of apoptotic cells by the combination of the ISEL signals and the morphological features. To demonstrate this, we used embryonic and various adult tissues in which apoptosis is known to occur. Furthermore, using involuting prostates of castrated rats, in which apoptosis is well characterized and relatively easy to detect in H&E-stained sections (6,25), we compared the ISELstained fractions of apoptotic cells with the morphologically determined fractions.
Materials and Methods
Tissue Processing. Specimens of rat and human tissue were fixed in buffered 4% formaldehyde for at least 16 hr and embedded in paraffin according to routine procedures. Sections of 2-pm thickness were mounted on Starfrost pre-coated slides (Knittel Glher; Braunschweig, Germany).
Pre-wlunent. Most experiments for establishing ISEL reaction conditions were performed with sections from a transplantable rat mammary carcinoma (31). known to contain many apoptotic cells during hormoneinduced regression, and from rat involuting prostates.
After deparaffinization and rehydration, tissue sections were digested to enable the enzymatic incorporation of nucleotides. An optional pretreatment consisted of heating the sections either in 1 M NaSCN or in 2
x SSC (0.3 M NaCl and 30 mM Na-citrate, pH 7) at 80% for 20 min, followed by thorough washings in distilled water. Subsequently, sections were digested with 0.5% pepsin (0.9 milliAnson U/mg) (Serva; Heidelberg, Germany) in HCI (pH 2) under gentle agitation at 37%. Treatment durations were varied from 0-120 min and digestion was stopped by washing in running tapwater.
Incorporation of Nucleotides and Cytochemical Detection. Sections were rinsed in Buffer A (50 mM %is-HCI, 5 mM MgC12, 10 mM P-mercaptoethanol, and 0.005% BSA (Fraction V; Sigma, St Louis, MO), pH 7.5) for 5 min, dried, and incubated at 15'C with Buffer A containing 0.01 mM dATP, dCTP, and dGTP (Boehringer; Mannheim, Germany), 0.01 mM biotin-11-dUTP (Sigma), and 1-100 U/ml E. coli DNA polymerase I (Promega; Madison, WI). A volume of 50 pI sufficed to stain a section area of +1 cm2. Using the same experimental conditions, we also tested nucleotide incorporation by the Klenow fragment of polymerase I (Pharmacia; Uppsala, Sweden).
After blocking endogenous peroxidase by immersion for 15 min in PBS containing 0.1% H202. sections were washed twice in PBS for 5 min and incubated with horseradish peroxidase-conjugated avidin (Vector; Burlingame, CA) diluted 1:lOO in PBS containing 1% BSA and 0.5% Tween 20, for 30 min at RT. Staining was developed in diaminobenzidine-H202 and sections were counterstained with methyl green.
Controls. In negative controls, the DNA polymerase or Klenow fragment was omitted from the nucleotide mixture. To verify that the protease had also digested the deeper parts of the tissue sections, positive controls were used consisting of sections treated with DNAse I to introduce DNA breaks in all nuclei. For this purpose, adjacent sections were incubated with 200 nglml DNAse I (Boehringer) in 10 mM -is-HC1, 10 mM NaCI, 5 mM MgC12, 0.1 mM CaC12, and 25 mM KC1 (pH 7.4) for 15 min at 37'C before incubation with the nucleotidelpolymerase mixture.
Quandication of Apoptosis in Involuting Rat Prostates. V e n d prostates of 500-g Wistar rats were removed at 0, 1. 2, 3,4, or 7 days after castration, using at least two rats per time interval. Adjacent sections were stained by ISEL and with hematoxylin and eosin ( H a ) , respectively. In the ISELstained sections, DAB-positive nuclei or bodies were scored, whereas in H&E stained sections apoptosis was defined by single rounded cells or fragments with densely aggregated chromatin and condensed cytoplasm, often lying in "halos" of extracellular space (see Figure la) . When more than one labeled or H&E-stained apoptotic body was seen per "halo," these were judged as originating from the same cell and counted as one. Using a x 63 Zeiss neoplan objective, the entire section was scanned, evaluating about 100 square fields containing 42 grid points as projected by a Weibel 2 ocular graticule (Graticule, Ltd; Tunbridge, UK). Because of the low fraction of apoptotic cells, apoptosis was expressed as an apoptotic index (A.I.), which is the sum of the number of apoptotic cells per field divided by the number of epithelial nuclei intersecting the grid points.
Pre-treatment
Staining results depended on the degree of digestion of the tissue sections. Protease digestion was necessary to make the DNA accessible for incorporation of nucleotides and was initially done with proteinase K. Since good staining results were difficult to reproduce, we subsequently evaluated pepsin digestion, because the reaction conditions for this enzyme seemed less critical. Treatment with 0.5% pepsin, pH 2, for 60 min provided reproducible results in almost all tissues tested. Protease treatment was considered inadequate when nuclei in the deeper parts of DNAse-treated control sections remained unstained ( Figure Ib) , whereas too strong digestion was characterized by poor morphology and faint staining of non-apoptotic nuclei ( Figure IC) . Because the optimum of pepsin activity lies at pH 2, such treatment could in theory induce DNA breaks by acid hydrolysis. However, under the standard conditions staining of non-apoptotic cells was not observed, whereas apoptotic cells remained clearly detectable. This indicates that if incubation at low pH leads to DNA cleavage, it remains below the detection level.
To enhance uniform digestion of the tissue, we evaluated the effect of incubating the sections in the chaotropic agent NaSCN or in 2 x SSC at 8O0C before protease treatment. This has been shown to improve the results of in situ hybridization studies on paraffin sections, as it may loosen the bonds between nucleic acids and proteins (2,11). In non-heated sections treated with DNAse we found a significant variability of nuclear staining intensities com- 
Incorporation of Nucleotides
In most tissues apoptotic cells were adequately labeled with a polymerase concentration of 20 U/ml. At this concentration complete staining of DNAse-treated controls was obtained. However, in rat prostate tissue optimal staining required a reduction of the pepsin digestion to 15 min and a polymerase concentration of 4 Ulml (Figures Id-if) . When the polymerase concentration was increased fivefold, non-apoptotic nuclei showed a faint brown staining comparable to that observed after strong protease treatment. Unless this staining became too intense, it did not interfere with the discrimination of apoptotic cells (Figure k) . Positively stained nonapoptotic cells were also observed after staining enhancement according to the method described by Pinkel et al. (20) (data not shown), indicating that under normal conditions labeling of nonapoptotic cells remained below the detection level.
Staining of non-apoptotic cells might have been promoted by the S-+ 3' exonuclease activity of E. coli polymerase I which, starting at pre-existing nicks, removes unlabeled nucleotides ahead of the advancing enzyme, thus enabling their replacement by labeled ones. Therefore, we tested the Klenow fragment of polymerase, which lacks this exonuclease activity and fills only unoccupied positions in the DNA strand. This enzyme activity labeled apoptotic cells in prostrate and tumor tissue as efficiently as the full polymerase at identical activities and resulted in similar staining intensities of DNAse-treated sections. However, at high concentrations staining of non-apoptotic cells was still detectable, indicating that the 5'+3' exonuclease activity is not a major cause for this background (data not shown).
Localization of Staining
Intense staining was observed in nuclei and nuclear fragments with the morphological characteristics of apoptosis. Apoptotic bodies of various sizes showed distinct staining (Figures 2 and 3) . Large bodies occasionally remained unstained in the center (Figures lf and   4 ), a phenomenon also observed in DNAse-treated sections. The effect diminished after stronger protease digestion, with a concomitant loss of morphology, indicating that the condensed chromatin of large bodies is poorly accessible.
Remarkably, the cytoplasm of apoptotic cells was also often stained, which suggests leakage of DNA fragments out of the nucleus (Figures le and If) . It is not clear whether this represents a true biological phenomenon or an artifact resulting from tissue processing. No reaction product was detectable in non-apoptotic cells with dense chromatin, such as mitotic cells or lymphocytes (Figure 4) .
ISELstained cells were present at sites known for the occurrence of apoptosis, such as in the rat endometrium (23) (Figure 3) , the ducts of ventral prostates after castration (6) (Figure l) , the follicles of a reactive human lymph node (Figure 4) (14,28) , and in a 14-day-old rat embryo. In the latter, areas of stained apoptotic bodies were found, among other locations, in the palate, in somites, and near Rathke's pouch, the future anterior pituitary gland (Figure 5) . Because DNA degradation also occurs during necrosis, ISEL was evaluated in tumors expected to contain many necrotic areas. We observed both stained and unstained pyknotic nuclei and sometimes staining of normal-looking nuclei ( Figure 6 ). Cellular debris and nuclear "ghosts" (33) showed faint, diffuse staining that could not be blocked by pre-incubation with BSA. Because this staining was not detectable in negative controls, it must have resulted from specific incorporation of nucleotides.
Quantification of Apoptosis in Involuting Rat Prostates
Because apoptosis is morphologically easily recognized in the epithelial lining of prostate acini, rat ventral prostates at various days after castration were used to compare the fractions of apoptotic cells labeled by ISEL and those obtained by morphological criteria. Fig  ure 7a shows that the apoptotic indices obtained by the two methods were highly similar: the incidence of apoptosis showed a peak at 2 days after castration, in line with earlier studies (6, 25) . Linear regression analysis of the data revealed a high correlation coefficient of 0.97 (Figure 7b ).
Discussion
In the present study we demonstrate that the ISEL procedure can label fragmented DNA in paraffin sections and that this method is useful to detect apoptosis. The technique combines the biochemical characteristic of DNA fragmentation with the typical morphology. The cytochemical signal greatly enhances recognition of scattered apoptotic cells and avoids confusion with other cells that have condensed chromatin, e.g., the telophase of mitotic cells or polymorphic leukocytes. Moreover, it enables automated image cytometry.
In contrast to the biochemical method of measuring concentrations of low molecular weight DNA relative to total DNA (13) (to be distinguished from the qualitative analysis of DNA fragments by gel-electrophoresis), quantification of apoptosis by ISEL can be done on a cell-to-cell basis with preservation of topological information. In tissue sections, several methods have been applied to facilitate the detection of apoptotic cells, e.g., enhancing the difference in staining intensity between condensed and normal chromatin by using semi-thin, resin-embedded sections (6, 26) or Feulgen staining of Bouin's-fixed tissue (8) . In addition, a dflerential s e g with toluidine blue and safranin has been described (16). However, these techniques can not be applied to routinely fixed and processed specimens, and, regarding semi-thin sections, only small areas can be examined. Another approach, applicable to formalinfixed, paraffin-embedded sections, is to detect proteins or mRNAs of SGP-2 (homologous to the TRPM-2 gene product) (4), cathepsin D (27), and tissue transglutaminase (19). These markers are increased in certain apoptotic tissues, but it is still unclear, with the possible exception of tissue transglutaminase (7), whether their biological function represents an intrinsic part of the apoptotic process and whether their expression is strictly confined to cells in which the coming death is irrevocable. In some tissues they are constitutively expressed (9, 10, 21, 29) or, in the case of SGP-2, they are induced in every cell of a specific tissue compartment during organ regression (4). In this respect, identification of DNA fragmentation appears a more definite marker for cell death. Nevertheless, it would be interesting to correlate the expression of these proteins with positive staining by the ISEL method.
The ISEL procedure is based on the detection of DNA strand breaks, which are abundantly present in apoptotic cells. Both E. coli polymerase I and its Klenow fragment add nucleotides to 3'-hydroxyl ends of a DNA strand in the presence of a template, extending the strand in the 5' to 3' direction (24). Because of this property the term "in situ end-labeling" was adopted. The incorporation of nucleotides can occur in double-strand DNA breaks with recessed 3' ends or in single-strand nicks. As the activities of polymerase and Klenow fragments produced identical staining intensities in DNAsetreated sections, the ISEL technique probably involves only filling of unoccupied sites. Translation of nicks along the DNA strand by virtue of the 5' ' 3' exonuclease activity of polymerase I, as is the reaction for labeling DNA probes (22), may have been prevented by the many proteins still bound to the DNA after pepsin digestion. Inasmuch as the exact type of cleavage in the internucleosomal linker DNA of apoptotic cells is still unknown, our results suggest the presence of recessed 3'-hydroxyl termini. Specific in situ discrimination of other types of cleavage, e.g., protruding 3' termini or blunt ends, was not considered feasible.
Although the ISEL procedure stains apoptotic cells, in principle the technique detects all DNA breaks. Since in necrotic cells the DNA is degraded by release of lysosomal DNAses, these cells incorporate the label as well. Because necrosis affects tram of contiguous cells, it does not interfere with the identification of individual cells undergoing apoptosis. Furthermore, as it is impossible to isolate intact DNA from paraffin sections, the DNA damage induced during fixation and embedding of the tissue may explain the staining sometimes observed in non-apoptotic cells, and could have been increased by cutting and pre-treatment of the sections. The faint background was observed only after relatively strong tissue digestion and high polymerase concentrations, or intensification of the signal, indicating that the DNA damage in normal cells is only minor compared with that in dying cells. Some potential sources for the induction of DNA breaks can be avoided, e.g., treatment with strong acids, as present in certain fiitives and, although of lesser importance, treatment with methanol-Hz02 for blocking endogenous peroxidase before nucleotide incorporation.
The degree to which DNA breaks are detected depends on protease digestion and polymerase activity. Because the rate of digestion is tissue dependent (11), for each tissue type an optimal combination of the two enzymes must be determined to avoid staining of non-apoptotic cells. Hawever, good results were obtained in many tissues using one standard protocol, which demonstrates the robustness of the method. Heating of the sections before pepsin treatment enabled a more uniform digestion and prevented treatment from afkcting mainly the top layer of the section and non-condensed DNA. The problem of limited penetration depth was further avoided by using tissue sections of 2 pm instead of thicker ones.
Because the fractions of apoptotic cells in the prostate could be accurately determined by morphological criteria, it was possible to correlate these to the fractions identified by ISEL. This showed that the two methods recognize an almost identical proportion of cells. Since one could speculate that DNA fragmentation precedes morphological changes, a larger fraction might have been expected. However, the periods in which DNA fragmentation and the first morphological changes occur are extremely short compared with the total lifespan of the cells (3J7); therefore, possible differences cannot be detected in this experimental setting. In addition, several investigators have reported that the onset of morphological changes occurs simultaneously with or may even precede DNA fragmentation (15, 32) .
Thus, the ISEL technique is meant to facilitate recognition of, rather than to enlarge, the fraction of apoptotic cells that can potentially be identified by morphological criteria. The method seems particularly valuable when apoptotic cells are present in low frequencies and are easily overlooked when they lie scattered in solid fields of cells with polymorphic nuclei. Therefore, an important application is the quantification in tumors, in which apotosis is otherwise difficult to assess (5.26). It may contribute not only to cell kinetic investigations (26) but also to evaluation of the effects of different hormonal and chemotherapeutic compounds that have the induction of programmed cell death as a common end-point (5,28,30) . For these purposes, the method can be adapted to monolayer cultures as well.
